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Supplementary Text
Section S1. CPMC model: Variance of chromatin packing density
The variance of chromatin packing density in each interaction volume within the cell nucleus, 2 , can be expressed as a function of D. By definition, the variance of any value, x, with probability distribution function h(x) can be calculated from the autocorrelation function H(x) as Var(x) =H(x=0) . The relationship between 2 and the autocorrelation function of chromatin packing density, , is ( ⃗), and can be calculated as:
According to the definition of an autocorrelation function, ( ⃗) is calculated by
where '*' represents the convolution operation, ( ⃗) is the autocorrelation function of ( ⃗) and ( ⃗) is the autocorrelation function of ( ⃗). As a result, Eq. 1&2 simplifies to
Because of the self-similar scaling of chromatin, the autocorrelation function of the nuclear crowding density distribution for the chromatin packing model is defined as
where we can use the 1D form of ( ⃗) because of power-law symmetry.
If we assume a Gaussian distribution of the shape of interaction volume ( ⃗) with a radius of , the autocorrelation function ( ⃗) of ( ⃗) is also a Gaussian distribution
where is a constant.
When ≪ , or equivalently taking the limit → 0, 2 should converge to σ 2 , which gives us
In turn, Eq. 6 allows us to solve for alpha = √
Therefore, solving Eq. 5 becomes
where Γ ( 2 ) is the Gamma function. Here, we assume that >> and v(D) = √ 2 2 2 −1 Γ ( 2 ) ≈ 1 when D is between 2 and 3. The actual form of v(D) will depend on our assumptions of the interactions that occur within the interaction volume, ( ⃗). If it has a uniform distribution, v(D) = 12 ( +1) ≈ 1, which also gives us the same expression of 2 . Next, if we assume a binary distribution of chromatin crowding density (assuming the hard sphere property of chromatin), the variance of the crowding density in nuclei can be approximated as
Using these considerations, 2 reduces to
The equation shown above indicates that the variance of local crowding increases with an increase of D. To test if this effect of D on 2 as derived analytically above is conserved, we measured 2 as a function of D using simulations of random clusters ( fig. S1 ) and random media ( fig. S2) . As predicted analytically, 2 increases as a function of D in both sets of simulations. Consequently, this indicates that the effect of chromatin packing on the variance of local crowding is independent of the chosen chromatin model.
Section S2. Random medium simulations: Calculation of D from mass density variations
To test the relationship between σ 2 , D and 2 derived based on the chromatin packing scaling model shown in Eq.10, we calculate the variations in density from a numerically generated random media model. The random medium was generated from an autocorrelation function (ACF) of random noise (61). The mass density ρ in this calculation can be transformed into crowding volume fraction, or crowding density through ρ = ρ , where ρ is the dry mass density of macromolecular crowders. First, an autocorrelation function was generated with density variance ρ 2 =0.2g/cm 3 , fractal range (1 to 100 nm) and fractal dimension D (1.2 or 2.5), based on the following equation:
where =1 nm, =100 nm. The fractal dimension in this autocorrelation function can be understood as the power low scaling factor determining the shape of the ACF. The random media was generated using this ACF for low (D=1.2) and high (D=2.5) fractal dimension ( fig.  S2) . The random media generated through this method had on average the same total mass density variance ρ 2 =0.2g/cm 3 . For each individual voxel, the mass density was averaged within the interaction volume with radius = 20 to calculate ρ . Next, the local variance of each interaction volume is calculated to determine ρ 2 in each random media to compare low and high D cases. The results from these simulations are as shown in fig. S1 . As we can see, the random media generated through ACF with higher D (D=2.5) has a larger ρ 2 compared with the ρ 2 of the random media generated with lower D (D=1.25) when ρ 2 , and are the same. This confirms a direct relationship between D and ρ 2 shows both the capacity to generate analytical estimates for the variations in density as a function of the ACF and confirms the analytical relationship we derived from the fractal chromatin model in Eq. 10. In the case of the ACF of an alternative arbitrary medium (not necessary a fractal) this can produce a D larger than 3 but would still have the same effective relationship between D and ρ 2 . Fig. S1 . Analysis of the relationship between D and . A random media was simulated with clusters of size distribution ~1/r s 4-D for cluster radius r s . The mass density for each interaction volume was calculated by dividing the 3D random media into 125 separate boxes (5x5x5) and calculating the volume fraction occupied by the randomly distributed clusters in the media. The standard derivation of , , was calculated for media generated from two different D (fig. S2) . The blue dashes in the figure represent of the media with lower D and the red dashes represent of the media with higher D, showing a higher for the media with higher D.
Fig. S2. Random medium simulations for low and high D.
Section S3. Calculation of ϕ in,0 from ChromEM measurements Chromatin volume concentration (CVC) was first calculated from ChromEM samples to estimate the contribution of chromatin to average nuclear crowding. Prior to processing, the negative logarithm of the TEM image intensity were calculated to convert the image contrast into massthickness distribution based on the Beer's law. The moving-window average DNA concentration were calculated for the whole nucleus, and the window size was chosen to be 100 nm 3 after taking the thickness of the sections into consideration. The nucleus segmentation was conducted manually in FIJI. We then normalized the corresponding nuclear CVC so that it has the same range as the CVC distribution in previously published work, and the nominal minimum and maximum from the TEM images of thin sections were defined as the CVC values that accounts for 0.05% and 99.95% of the total data respectively. Next, we calculated ,0 by adding an additional 5% to average CVC measurements in each nucleus to account for mobile crowders in the nucleus. This proportion of mobile crowders can be obtained from the multiple previously reported measurements of the refractive index (RI) of cell nuclei and other cellular compartments including the cytosol and the Gladstone-Dale relationship between RI and crowding: ( ⃑) = + ( ⃑) where ( ⃑) is the refractive index of the biological material at point ⃑ in 3D space, is the refractive index of water, is the refractive index increment, and is molecular density (in g/ml) (42). Earlier reports indicate that the average value RI of the nucleoplasm and the cytosol are 1.339, which results in the average estimate of 5% volume fraction of mobile crowders ( ) (62, 63). Fig. 3 . t-SNE is a probabilistic algorithm that attempts to reduce dimensionality while maintaining a similar distribution of Euclidean distance between each cell. Although each iteration results in a different projection in 3D space in terms of coordinates, the overall trend in the spread of transcriptional states between treatment conditions remains the same through all different seeds.
Fig. S7. Transcriptional heterogeneity is increased in high D cells. (a) Spread of pairwise
Euclidean distance was calculated between cells in each condition for genes associated with DNA repair pathways that are upregulated in 48 hour paclitaxel treated cells. (b) Coefficient of variation (COV) across treatment populations of genes grouped by control expression levels normalized by control COV. Genes were first binned into groups of ~100 genes (80 quantiles total) each based on relative control expression (exposed to roughly similar molecular regulators of transcription) and expression of these genes was averaged within each cell. = 2 was calculated over all average expression levels of cells in treatment condition i for genes in control expression quantile j and each non-control condition was normalized to COV calculated for each bin in the control condition. 
